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Patterning of the Xenopus gastrula marginal zone in the axis running equatorially from the Spemann organizer—the
o-called “dorsal/ventral axis”—has been extensively studied. It is now evident that patterning in the animal/vegetal axis
lso needs to be taken into consideration. We have shown that an animal/vegetal pattern is apparent in the marginal zone
y midgastrulation in the polarized expression domains of Xenopus brachyury (Xbra) and Xenopus nodal-related factor 2
Xnr2). In this report, we have followed cells expressing Xbra in the presumptive trunk and tail at the gastrula stage, and
find that they fate to presumptive somite, but not to ventrolateral mesoderm of the tailbud embryo. From this, we speculate
that the boundary between the Xbra- and Xnr2-expressing cells at gastrula corresponds to a future tissue boundary. In
further experiments, we show that the level of mitogen-activated protein kinase (MAPK) activation is polarized along the
animal/vegetal axis, with the Xnr2-expressing cells in the vegetal marginal zone having no detectable activated MAPK. We
show that inhibition of MAPK activation in Xenopus animal caps results in the conversion of Xnr2 from a dorsal mesoderm
nducer to a ventral mesoderm inducer, supporting a role for Xnr2 in induction of ventral mesoderm. © 2001 Academic Press






















Xenopus has long served as an experimental model for
mesoderm induction and patterning. A transverse section
through the trunk of a Xenopus larva shows a characteristic
vertebrate pattern along the dorsoventral axis, with the
notochord occupying the dorsal midline. The somites are
found ventral and lateral to the notochord, followed by
lateral plate and mesenchyme. In fish and amphibians, the
primitive blood is the most ventral mesoderm derivative,
while in mammals and birds, the primitive blood is ex-
traembryonic, although the primitive blood precursors ap-
pear to occupy similar positions in amphibian and mouse
gastrulae (Kinder et al., 1999; Lane and Smith, 1999). The
cellular lineage and molecular pathway leading to forma-
tion of the notochord precursor in Xenopus has been char-
cterized in considerable detail (De Robertis et al., 2000).
e have focused our attention on the patterning of non-
hordal mesoderm, and in particular the mechanisms that
etermine the fates of the somites and ventrolateral meso-
erm. Both the origins of somite and ventrolateral meso-
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orsoventral identity is specified, have come under renewed
nterest. A number of recent studies have shown that
atterning along the animal/vegetal axis of the pregastrula
mbryo needs to be taken into account. Fate-mapping
tudies (Lane and Smith, 1999), as well as models of
esoderm morphogenesis during gastrulation (Keller,
991), have shown that ventral mesoderm originates from
he vegetal-most portion of the blastula marginal zone, a
omain called the leading edge mesoderm. Ventral meso-
erm originates from the entire ring of the marginal zone
Ciau-Uitz et al., 2000; Lane and Smith, 1999; Mills et al.,
999; Tracey et al., 1998), and not just from those cells
urthest away from the Spemann organizer, as is frequently
epicted (De Robertis et al., 2000; Jones and Smith, 1999).
n the other hand, somites arise from the animal region of
he blastula marginal zone, and the entire ring of the animal
arginal zone, excluding the sector occupied by the Spe-
ann organizer, gives rise to somites (Dale and Slack, 1987;
ane and Smith, 1999; Moody, 1987).
We have recently shown that fibroblast growth factor
FGF) signaling plays a role in patterning the animal/vegetal
xis of the marginal zone (Kumano and Smith, 2000).



























466 Kumano, Ezal, and Smithwith a dominant negative receptor (XFD) resulted in the
expansion of ventral fates, as assessed by globin expression,
and a loss of somites, in tailbud embryos. Conversely,
overexpression of FGF eliminated globin expression. The
patterning of the marginal zone along the animal/vegetal
axis can be observed as early as midgastrulation by in situ
hybridization, which reveals two distinct expression pat-
terns running radially around the marginal zone. The veg-
etal marginal zone expresses the gene Xenopus nodal-
related factor 2 (Xnr2), while the animal marginal zone
expresses Xenopus brachyury (Xbra), embryonic fibroblast
growth factor (eFGF), and myoD. We observed that inhib-
ting FGF signaling with XFD resulted in the expansion of
nr2 expression into the animal marginal zone, with a
oncomitant loss of Xbra expression (Kumano and Smith,
000). Thus, disruption to the expression of Xbra and Xnr2
along the animal/vegetal axis at midgastrulation correlates
with changes to cell fates in tailbud embryos. To examine
this in greater detail, we have followed the fates of cells that
express Xbra from gastrula to tailbud stages. We found that
the Xbra-expressing cells in the presumptive trunk and tail
of the gastrula embryo do not contribute to the ventrolat-
eral mesoderm, but rather appear to be restricted to pre-
sumptive somite. We further report on the activities of Xbra
and Xnr2 in specifying the boundaries and cell fates within
the animal/vegetal axis. Our results show that Xbra sup-
presses Xnr2 expression in the animal marginal zone. Fi-
ally, we show that the Xnr2 expression domain overlaps
with a region of low mitogen-activated protein kinase
(MAPK) activation in the vegetal marginal zone, and that in
the absence of MAPK activation Xnr2 is a strong inducer of
ventral mesoderm.
MATERIALS AND METHODS
RNA Synthesis and Microinjection
Plasmids for in vitro RNA synthesis were linearized with EcoRI
for dominant negative FGF receptor (Amaya et al., 1991), dominant
negative BMP4 receptor (Suzuki et al., 1994), and dominant nega-
tive Xbra (Xbra-EnR) (Conlon et al., 1996), with BamHI for Xbra
(Smith et al., 1991), with SfiI for eomesodermin (eomes) (Ryan et
al., 1996), and with XhoI for Xnr1 and Xnr2 (Jones et al., 1995).
Capped RNAs were transcribed with appropriate RNA polymerases
by using mMessage mMachine (Ambion). Fertilized eggs were
dejellied in 2% cysteine–HCl (pH 8.0) for 2-cell injection or
cultured in 1/103 MMR until the 8-cell stage for 16-cell stage
injection before being dejellied. Dejellied embryos were transferred
to 1/33 MMR/2.5% ficoll and injected by air pressure. For animal
cap assays, 10 nl containing 0, 10, 50, 250, or 500 pg of Xnr2 RNA
was injected with or without 200 pg of XFD RNA in the animal
region of both blastomeres at the 2-cell stage. In other animal cap
assays, 10 nl containing 500 pg of Xnr2 plus 200 pg of XFD RNA
was injected with or without 500 pg of dnBMP-R RNA. Also, 10 nl
containing 2 ng of eomes with or without 400 pg of XFD RNAs was
injected in eggs. For assays using marginal zone explants, both AB4
(the mother cells of the A4 and B4 blastomeres) and CD4 (the
mother cells of the C4 and D4 blastomeres) were injected at the
16-cell stage with 1 nl containing 25 pg of pCSKA-noggin (Smith et
h
w
Copyright © 2001 by Academic Press. All rightal., 1993), with or without 250 pg of Xbra-EnR RNA. In other
explant assays, both the CD4 blastomeres were injected at the
16-cell stage with 1 nl containing 250 pg of GFP with or without 1
ng of Xbra RNAs. For histology, both the AB4 and CD4 blas-
tomeres were injected at the 16-cell stage with 1 nl containing 250
pg of Xbra-EnR with or without 200 pg of lacZ RNAs, and both
CD4 blastomeres were injected with 1 nl containing 1 ng of Xbra
with or without 200 pg of lacZ RNAs. In other injections, the AB3
(the mother cell of the A3 and B3 blastomeres) and CD3 (the
mother cell of the C3 and D3 blastomeres) blastomeres on one side
of embryos were injected at the 16-cell stage with 1 nl containing
200 pg of XFD RNA and the AB3 and CD3 blastomeres on the other
side were injected with 1 nl containing 200 pg of XFD plus 1 ng of
Xbra RNAs. The injected embryos were cultured in 1/33 MMR
plus 10 mg/ml gentamycin until appropriate stages.
Lineage Tracing of Xbra-Expressing Cells
An Xbra promoter construct containing 2.1 kb of 59 flanking
region, the first exon, the first intron, and part of the second exon
of the Xbra2 gene fused to green fluorescent protein (GFP) (Xbra-
4.1-GFP; Lerchner et al., 2000) was used to trace the lineage of
Xbra-expressing cells. One nanoliter containing 25 pg of the
Xbra-4.1-GFP plasmid was injected at the 16-cell stage into all the
AB4, CD4, AB3, and CD3 blastomeres. GFP fluorescence in the
injected embryos was observed at stage 31 or 38 (Nieuwkoop and
Faber, 1967) under fluorescence. Also, GFP transcript was detected
by in situ hybridization, as described below, at stage 11 or 31.
Animal Cap Assay
Dissection of animal caps from stage 8–9 embryos was per-
formed in 3/4 NAM [82.5 mM NaCl, 1.5 mM KCl, 0.75 mM
Ca(NO3)2, 0.75 mM MgSO4, 75 mM EDTA, 1.5 mM sodium
hosphate (pH 7.5)] with 25 mg/ml gentamycin and 1 mg/ml BSA.
he excised animal caps were cultured in 3/4 NAM with
entamycin/BSA until the equivalent of stage 10.5, stage 11–12, or
tage 32 (Nieuwkoop and Faber, 1967) when total RNA was
solated by using Trizol Reagent (Gibco). Northern analysis was
erformed as described previously (Kumano et al., 1999), with the
xception that the extracted RNA from 12 or 40 animal caps was
lectrophoresed on formaldehyde-containing agarose gels. For
hole embryos, one-fifth of total RNA extracted from five pooled
mbryos was electrophoresed. Probes were prepared with isolated
ragments from Xbra (Smith et al., 1991), myoD (Hopwood et al.,
989), eomes (Ryan et al., 1996), aT3 globin (Banville and Williams,
985), muscle actin (Dworkin-Rastl et al., 1986), Xnr2 (Jones et al.,
995), and EF1a (Krieg et al., 1989).
Marginal Zone Explants
In the first experiment, marginal zone explants were dissected at
stage 9 from the opposite side of the Spemann organizer in embryos
that had been injected with pCSKA-noggin plus GFP RNA with or
ithout Xbra-EnR RNA in the AB4 and CD4 blastomeres. This
issection was carried out under the fluorescence microscopy such
hat only injected descendants (AB4 and CD4 derivatives) could be
btained by using GFP fluorescence as a landmark. The explants
ere cultured in 3/4 NAM with gentamycin/BSA and then fixed at
he equivalent of stage 32 (Nieuwkoop and Faber, 1967) for in situ
ybridization. In a second experiment, both the CD4 blastomeres
ere injected with GFP or GFP plus Xbra RNAs. At stage 10.5, the








467Animal/Vegetal Mesoderm PatterningFIG. 1. Xbra expression is restricted to dorsal mesoderm at the gastrula stage. (A) Simplified diagram of the 16-cell-stage Xenopus embryo.
The approximate cleavage planes for the 16-cell-stage embryo are shown. Labeling of blastomeres is indicated as CD4, for example, for the
mother cell of the C4 and D4 blastomeres of the 32-cell-stage embryo according to the labeling system of Nakamura and Kishiyama (1971).
The position of cleavage planes for the 16-cell and the 32-cell stages varies between embryos, and does not reflect presumptive tissue
boundaries. Approximate fates of cells giving rise to somite and the VBIs are shown in color, although fate mapping was done at the 32-cell
stage (Lane and Smith, 1999). Somite (pink) maps to the animal region of all sectors of the marginal zone (blastomeres C1–C4, B1–B4, and
A1–A4). Notochord (blastomeres C1, C2, B1, B2, B3, A1, A2, and A3) is shown in green only. The VBIs arise from the leading edge mesoderm
(orange), situated in the vegetal region of the marginal zone (blastomeres C1–C4 and D1–D4). Only notochord, somite, and the VBI regions
of the mesoderm are shown. “SO” marks the Spemann organizer. (B) GFP mRNA expression in Xbra promoter-GFP-injected embryos.
trong expression was observed in the marginal zone of stage-11 embryos (top). GFP mRNA was also detected in the posterior region of
tage-31 embryos (bottom). (C) Higher magnification of the tail of the stage-31 embryo shown in (B). Arrows point to staining cells. (D) GFP
uorescence in Xbra promoter-GFP-injected embryos at stage 31. Shown is GFP fluorescence in 10 randomly selected embryos. Note that
FP fluorescence is primarily observed in somites, and to a lower degree posteriorly. Anterior is to the left. (E) Bright-field view of stage
1 Xbra promoter-GFP-injected embryo. (F) GFP expression in the embryo shown in (E). (G) Stage-38 Xbra promoter-GFP-injected embryo
howing approximate plane of section for (H) and (I). (H) GFP fluorescence in cross section as described in (G). (I) Section from (H) stained
or somite with the antibody 12/101.



















eliminated in the injected cells. (G) Embryos were injected with
200 pg of XFD RNA into the AB3 and CD3 blastomeres (total 400
i
b
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Copyright © 2001 by Academic Press. All rightembryos were examined for GFP fluorescence and marginal zone
explants were dissected from those embryos showing fluorescence
in the vegetal marginal zone. The explants were cultured in 3/4
NAM with gentamycin/BSA until the equivalent of stage 32
(Nieuwkoop and Faber, 1967) when total RNA was isolated for
Northern blot. The extracted RNA from eight explants was elec-
trophoresed on formaldehyde-containing agarose gels. For whole
embryos, one-fifth of total RNA extracted from five pooled em-
bryos was electrophoresed. Probes were prepared with isolated
fragments from aT3 globin (Banville and Williams, 1985) and EF1a
(Krieg et al., 1989).
Histology
LacZ staining was done as described previously (Kumano et al.,
1999). Detection of aT3 globin, muscle actin, Xnr2, and GFP
Zernicka-Goetz et al., 1996) expression by in situ hybridization
as performed as described previously (Harland, 1991). Immuno-
istochemical staining for anti-activated-MAPK was performed as
ollows. Embryos were fixed with MEMFA for 1 h at room
emperature after manually removing the vitelline membrane.
ollowing acetylation with 0.25% acetic anhydride in 0.1 M
riethanolamine (pH 7–8), embryos were incubated overnight at
°C in PBT plus 10% goat serum containing an antibody to the
ctive (diphosphorylated) form of MAP kinase (1/10,000; Sigma).
fter washing out the excess antibody, embryos were again incu-
ated overnight at 4°C in PBT plus 10% goat serum containing
lkaline phosphatase-conjugated anti-mouse IgG antibodies (1/
00). Staining was carried out by using NBT/BCIP as a substrate.
or 12/101 antibody staining, transverse sections of stage-38 em-
ryos briefly fixed in 1% formaldehyde were cut with a razor blade,
hotographed for GFP fluorescence, and then refixed with MEMFA
or 1 h at room temperature. Staining with the antibody 12/101 was
s described previously (Kintner and Brockes, 1984).
RESULTS
The Gastrula Xbra/Xnr2 Boundary Marks Future
Tissue Boundaries Along the Trunk Dorsoventral
Axis
The brachyury gene (Xbra) is expressed radially around
the marginal zone of Xenopus gastrula (Smith et al., 1991).
Xbra expression declines rapidly as the mesoderm involutes
pg) on one side, and with 200 pg of XFD plus 1 ng of Xbra RNAs
nto the other AB3 and CD3 (total 400 pg of XFD and 2 ng of Xbra)
lastomeres. Xnr2 expression is expanded into the animal marginal
zone on the side in which XFD RNA alone had been injected (left
side of the embryos in this picture, arrows), while the expression is
decreased or eliminated on the other side in which Xbra RNA had
been injected together with XFD RNA (right side of the embryos in
this picture, arrowheads). (H) Stage-11 embryo injected with 1 ng of
Xbra RNA into both the CD4 blastomeres (total 2 ng) at the 16-cell
stage. Immunostaining with an anti-activated MAPK antibody is
shown. Note that the gap between the domain of activated MAPKFIG. 2. Xbra is essential for establishing and/or maintaining
animal/vegetal mesoderm polarity. (A) MAPK activation in
stage-11 embryos that had been injected in both the AB4 and CD4
blastomeres with 250 pg of Xbra-EnR RNA (total 1 ng). X-Gal
staining for the product of coinjected LacZ RNA (blue punctate
staining) marks the AB4 and CD4 descendants. MAPK activation
was detected with an antibody (diffuse purple staining). We con-
clude that MAPK remains activated despite Xbra function being
blocked. (B) Close up of the marginal zone of the embryo shown in
(A). (C–G) In situ hybridization for Xnr2 expression at stage 10.5.
The Spemann organizer is to the top for all embryos. (C) Control
(noninjected) embryo. (D) Embryo injected with 250 pg of Xbra-EnR
RNA into both the AB4 and CD4 blastomeres. Xnr2 expression was
expanded into the animal marginal zone of the embryo in compari-
son to the control embryo (arrow). (E) Embryo injected with 1 ng of
Xbra RNA into both the CD4 blastomeres (total 2 ng of Xbra) at the
16-cell stage. Xnr2 expression was decreased in the descendents of
the injected blastomeres. LacZ staining (blue) indicates cells that
inherited the injected RNA. (F) Same treatment for the embryo as
in (E), except in this example Xnr2 expression is completely(purple) and the blastopore lip still exists (arrow) (compare to A).























































469Animal/Vegetal Mesoderm Patterningduring gastrulation, except in the notochord precursor,
where the expression persists through neurula stages. New
expression of Xbra is later seen posteriorly around the
tailbud. We have shown that the midgastrula marginal zone
is divided into two nonoverlapping expression domains
along the animal/vegetal axis, with the vegetal marginal
zone expressing Xnr2, and the animal marginal zone ex-
pressing Xbra (Kumano and Smith, 2000). Fate-mapping
studies have led us to propose that Xbra expression at the
gastrula stage is marking future dorsal (somite and noto-
chord) mesoderm. However, fate-mapping studies have
typically been done at the 32-cell stage, and as a conse-
quence the resulting maps are very coarse. In order to look
at cell fates within the gastrula marginal zone at higher
resolution, we have examined whether the expression do-
mains along the animal/vegetal axis correspond to popula-
tions of cells with distinct fates. Specifically, we asked
whether the population of Xbra-expressing cells had fates
distinct from the non-Xbra-expressing cells. The vegetal
limit of Xbra expression at midgastrulation is sharp, and if
it were found to correspond to a future tissue boundary, this
could provide new insight into the timing and mechanisms
of animal/vegetal patterning.
To address this question, we followed the fates of cells
expressing a Xbra2 promoter-green fluorescent protein
(GFP) transgene (Lerchner et al., 2000). The dual Xbra/
Xbra2 genes are apparently the product of the tetraploidiza-
tion that occurred during the evolution of Xenopus laevis,
and they are expressed identically (Lerchner et al., 2000).
The rationale of the experiment was that while the Xbra2
promoter is expressed only transiently in the marginal zone
during gastrulation, the GFP reporter gene product is very
stable, and persists long after its RNA is no longer being
actively made. The 2.1-kb 59-flanking fragment of the
Xbra2 gene used here has been shown to accurately reflect
endogenous Xbra2 expression in the gastrula animal mar-
ginal zone, although elements driving expression in the
notochord are absent (Latinkic et al., 1997; Lerchner et al.,
2000). The Xbra2 promoter-GFP construct was injected at
he 16-cell stage into the pairs of AB4, AB3, CD4, and CD3
lastomeres (Fig. 1A). These cells will give rise to somites
nd ventrolateral mesoderm (as well as ectoderm and
ndoderm) in the trunk and tail, but do not give rise to
otochord. We find that the expression of the injected
lasmid was identical to that reported previously (Lerchner
t al., 2000). In situ hybridization for GFP transcript
showed that expression was restricted to the gastrula mar-
ginal zone, and no transcription was detectable in the
ectoderm or endoderm (Fig. 1B). In stage-31 embryos, the
only strong hybridization was in the tail (Fig. 1C). Upon a
much longer staining reaction, some GFP RNA hybridiza-
tion could be seen in the somites, which was most likely
the result of residual transcripts from earlier expression.
While previous studies of this promoter have used the
sperm nuclei transfer technique, we have observed that
injected plasmid gives the same, albeit mosaic, pattern.To identify cells in tailbud-stage embryos (stages 31 and
Copyright © 2001 by Academic Press. All right8) that had expressed the Xbra2 transgene, or were actively
ranscribing, we examined the embryos for GFP fluores-
ence. At stage 31, GFP fluorescence was observed in the
runk and tail somites, and in a few scattered posterior cells
Figs. 1D–1F). GFP fluorescence was not observed in lateral
r ventral mesoderm in the trunk or tail. Although the
njected plasmid is expressed mosaically, labeling of the
omites was very extensive, and a very similar pattern was
een in all embryos (Fig. 1D). To examine this further,
ections were made through the trunk of a stage-38 embryo
Figs. 1G–1I). Figure 1G shows the approximate location of
he section. The section was first photographed for GFP
uorescence, and then stained for somites with the anti-
ody 12/101 (Kintner and Brockes, 1984). Figures 1H and 1I
how that the GFP fluorescence colocalizes with the 12/101
taining.
From comparison of the in situ hybridization (Figs. 1B
nd 1C) and the GFP fluorescence data (Figs. 1D–1I), we
onclude that the GFP fluorescence observed in the somites
s labeling cells that had previously expressed the trans-
ene, rather than those which were actively transcribing.
ince the plasmid was injected into blastomeres that give
ise to both somite and ventrolateral mesoderm (Lane and
mith, 1999), the most plausible conclusions from this
xperiment are that either the Xbra-promoter is never
xpressed at detectable levels in presumptive ventrolateral
esoderm, or that the GFP protein is less stable in ventro-
ateral mesoderm. However, it is unlikely that our observa-
ions are due to differential stability of GFP in dorsal and
entral mesoderm derivatives. Injected GFP RNA was used
reviously as a lineage tracer for both ventrally and dorsally
ated cells (Lane and Smith, 1999), and equally strong GFP
uorescence was observed in both cell populations. We
ropose that the Xbra/Xnr2 gene expression boundary in
he gastrula embryo is delineating the boundary between
eveloping ventrolateral mesoderm and somite.
Xbra Activity May Be Essential for Forming the
Boundary between Somite and Ventrolateral
Mesoderm
We have shown that the Xbra/Xnr2 boundary was dis-
upted by injection of XFD RNA (Kumano and Smith,
000). In these embryos, gastrula-stage Xbra expression was
liminated while Xnr2 expression was expanded into the
nimal marginal zone. Later at tailbud stages, globin ex-
ression had expanded into the descendents of the animal
arginal zone while there was a corresponding loss of
omites. FGF activity has been shown to be essential in
aintaining and/or activating Xbra expression (Amaya et
l., 1993; Cornell and Kimelman, 1994; LaBonne and Whit-
an, 1994). A number of FGF genes are expressed in the
arginal zone (Christen and Slack, 1997; Isaacs et al., 1995;
ombardo et al., 1998), including eFGF, FGF3, and FGF8.
The precise roles of these individual molecules in maintain-
ing Xbra expression are unknown. While it has been pro-
posed that Xbra acts in a positive feedback loop to maintain
































































470 Kumano, Ezal, and SmithFGF expression (Isaacs et al., 1994; Schulte-Merker and
Smith, 1995), the picture is far from clear. For example,
overexpression of Xbra-EnR (Conlon et al., 1996) elimi-
ated eFGF and Xbra expression only in the organizer
region, but not in the rest of the marginal zone (Casey et al.,
1998; Conlon et al., 1996). In order to further understand
how the Xbra/Xnr2 boundary is defined, we investigated
he function of Xbra.
We have used Xbra-EnR to examine the role of Xbra in
creating and maintaining the animal/vegetal mesoderm
boundaries. We first examined whether the construct did in
fact reduce, or eliminate, FGF activity in the marginal zone
by immunostaining for activated-MAPK. It has been previ-
ously shown that MAPK is activated in a ring in the animal
marginal zone, and that the activation is FGF-dependent
(Christen and Slack, 1999; Curran and Grainger, 2000). We
injected the AB4 and CD4 blastomeres (Fig. 1A) at the
16-cell stage with 250 pg (1 ng total) of Xbra-EnR RNA. In
greement with previous findings, we observed that the
bra-EnR RNA did not lead to reduced activated-MAPK
mmunostaining at midgastrula in the descendents of the
njected blastomeres (Figs. 2A and 2B). A total of 29 em-
ryos were examined, and the identical pattern was ob-
erved in all embryos. In this experiment, the descendents
f the injected blastomeres are labeled by X-gal staining for
he product of coinjected LacZ RNA (blue punctate stain-
ng), while immunostaining for activated-MAPK is ob-
erved as diffuse purple staining. Because the Xbra-EnR
NA was only injected into a quadrant of the embryo, the
escendents of the noninjected blastomeres served as con-
rols for the endogenous level of MAPK activation.
While injection of Xbra-EnR RNA did not disrupt MAPK
ctivation, we observed in the same batch of embryos that
nr2 expression had expanded into the animal marginal
one (Figs. 2C and 2D). This result was observed in 42 out
f 57 embryos examined. Previous results in XFD-injected
mbryos lead us to conclude that FGF signaling is impor-
ant in restricting Xnr2 expression to the vegetal marginal
one (Kumano and Smith, 2000). XFD eliminates both FGF
ignaling and Xbra expression (Amaya et al., 1993; Kumano
nd Smith, 2000), while Xbra-EnR disrupts Xbra activity
ut does not decrease the level of MAPK activation, a
easure of the level of FGF signaling. Thus, our results
ndicate that the action of FGF on Xnr2 expression is
ediated through Xbra expression, and that MAPK activa-
ion alone does not suppress Xnr2 expression.
The above results suggest that Xbra acts as either a direct
r indirect repressor of Xnr2 expression. To examine this
urther, wild-type Xbra RNA was injected into the vegetal
arginal zone (CD4 blastomeres; Fig. 1A). We observed that
t midgastrulation, Xnr2 expression was disrupted in the
escendents of the injected cells for all embryos examined
n 5 97). In some embryos (49%), the level of Xnr2 expres-
ion was reduced (Fig. 2E), while in other embryos, Xnr2
xpression was eliminated (51%) (Fig. 2F). One reason for
he variability of inhibition appears to arise from how the
njected RNA was inherited by the daughter cells of the
Copyright © 2001 by Academic Press. All rightD4 blastomeres. The inheritance of the injected RNAs
as followed by coinjected LacZ RNA. The greatest inhi-
ition of Xnr2 expression was seen when X-gal staining for
he LacZ RNA product was centered near the blastopore,
ather than towards the animal pole. Further evidence for
he role of Xbra in suppressing Xnr2 expression comes from
xperiments showing that the expansion of Xnr2 expression
nto the animal marginal zone by XFD can be reversed by
njection of Xbra RNA (Fig. 2G). In this experiment, the
B3 and the CD3 blastomeres on one side of the embryo
ere injected with XFD RNA alone (arrow), while the AB3
nd the CD3 blastomeres on the other side were injected
ith XFD and Xbra RNAs (arrowhead). Expanded Xnr2
xpression can be seen on the side injected with XFD RNA,
ut not with XFD and Xbra RNAs. This result was observed
n 17 of 19 embryos examined. When Xbra RNA-injected
mbryos were stained for activated MAPK, we observed
hat, as in control embryos, the immunostaining did not
xtend into the vegetal marginal zone in any embryos
xamined (n 5 23) (Fig. 2H, arrow). Therefore, these results
how that the inhibition of Xnr2 expression by Xbra does
ot require activation of the MAPK pathway, which is
onsistent with our data showing that inhibition of Xbra,
ut not MAPK signaling, is sufficient to cause the expan-
ion of Xnr2 expression.
Xbra Acts to Suppress Xnr2 and globin Expression,
and Plays a Role in Promoting Posterior Somite
Fate
Analysis of the effects of Xbra-EnR in late gastrula- and
tailbud-stage embryos revealed defects in morphogenesis
and in posterior dorsal somite and notochord formation
(Conlon et al., 1996). We have previously shown that
explants of marginal zone which contain presumptive tail
and trunk somites fail to respond to the muscle actin-
inducing activity of noggin when FGF signaling is inhibited
by XFD (Kumano and Smith, 2000), showing that FGF
signaling is a necessary component of somite induction.
One possible reason that the XFD-injected explants were
refractory to noggin was the loss of Xbra expression, as was
shown above for the suppression of Xnr2 expression. We
observed that muscle actin induction in response to noggin
was greatly reduced in Xbra-EnR-injected explants as com-
pared to control explants (Figs. 3A and 3B). In this experi-
ment, 39 out of 40 control explants were positive for muscle
actin expression, and 33 out of 56 Xbra-EnR RNA-injected
explants were positive, although the level of the expression
in the positive explants was lower than that in control
explants, and similar to what we have seen previously with
XFD. Our results are consistent with previous suggestions
that Xbra is necessary for the formation of posterior tissues
(Conlon et al., 1996), although the observed reduction in
muscle actin expression may be due to apoptosis in the
injected cells as reported previously (Conlon and Smith,
1999). We also observed that marginal zone explants in-
jected in both CD4 blastomeres (Fig. 1A) with Xbra RNA no











471Animal/Vegetal Mesoderm Patterninglonger express globin at tailbud stage (Fig. 3C). This result
adds further evidence to our hypothesis that Xbra may play
a role in suppressing ventrolateral fates.
The Mesoderm-Inducing Activity of Xnr2 Is
Modulated by FGF Signaling
FGF signaling by the MAPK pathway is absent from the
vegetal marginal zone, as assessed by immunostaining for
activated-MAPK (Fig. 2) (Christen and Slack, 1999; Curran
FIG. 3. Xbra contributes to posterior muscle actin induction by n
in situ hybridization in stage-32 marginal zone explants. The e
pCSKA-noggin alone (A), or with 25 pg of pCSKA-noggin plus 250
explants were fixed at the equivalent of stage 32 for muscle actin in
compared to control. (C) Northern blot of RNA from stage-32 margi
(lane 2) or 250 pg of GFP RNA plus 1 ng of Xbra RNA (lane 1) in bo
and EF-1a (loading control). WE indicates RNA from a whole emb
FIG. 4. Xnr2 expression overlaps a region of low MAPK activation.
antibody. Staining (blue) was observed in a ring throughout the mar
and the blastopore lip. Because involution of cells has progressed f
Shown is a vegetal view. The Spemann organizer is to the top. (B)
narrow band just above the blastopore lip. Again, expression in th
further in this region. Shown is a vegetal view with the Spemann or
from (A) showing staining with anti-activated MAPK antibody. (D)
Xnr2 expression by in situ hybridization.and Grainger, 2000). The domain of low MAPK activation t
Copyright © 2001 by Academic Press. All rightn the vegetal marginal zone appears to approximate the
xpression domain of Xnr2 (Jones et al., 1995; Kumano and
mith, 2000). To test directly whether the boundary of
APK activation corresponds to the boundary of Xnr2
xpression, we attempted double immunostaining for acti-
ated MAPK and in situ hybridization for Xnr2 on midgas-
rula embryos (stage 10.5). Unfortunately, the staining
rocedures for these two particular molecules proved to be
ncompatible. Instead, we performed side-by-side staining
n embryos at stage 11 (Fig. 4). Stage 11 was chosen because
n and inhibits blood formation. (A, B) muscle actin expression by
ts had been injected at the 16-cell stage with either 25 pg of
Xbra-EnR RNA (B) into both the AB4 and CD4 blastomeres. The
. The expression was reduced in Xbra-EnR RNA-injected explants
one explants that had been injected with 250 pg of GFP RNA alone
e CD4 blastomeres. Shown are results of hybridizations for globin
t stage 32.
mmunostaining of a stage-11 embryo with an anti-activated MAPK
l zone with a distinct gap between the vegetal limit of the staining
r in the Spemann organizer region at this stage, no gap was seen.
expression at stage 11 by in situ hybridization was detected in a
mann organizer was not seen because gastrulation had proceeded
er at the top. (C) A higher magnification view of the marginal zone
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472 Kumano, Ezal, and Smithpoint for comparing the two staining patterns. The paired
stainings show that there is very little, or no, overlap
between the expression domain of Xnr2 and the region of
APK activation. This observation agrees with our previ-
us results that Xnr2 expression is negatively regulated by
GF signaling (Kumano and Smith, 2000).
In animal cap assays, Xnr2 is a robust inducer of dorsal
esoderm, and induces expression of both somite- and
pemann organizer-specific genes (Jones et al., 1995). How-
ver, Xnr2 is an extremely weak inducer of globin expres-
sion in this same assay, even when a range of doses was
tested (Jones et al., 1995). These observations appear to
suggest that while Xnr2 may be marking presumptive VBI,
t may have no role in ventral blood island (VBI) induction,
ut rather signals to the overlying dorsal mesoderm. How-
ver, the fact that Xnr2 is expressed in a region of the
marginal zone with low FGF activity raises the possibility
that FGF signaling may modulate Xnr2 activity. It has been
shown previously that wounding Xenopus embryos, such as
occurs when animal caps are dissected, stimulates FGF
signaling (LaBonne and Whitman, 1997), and that untreated
animal caps have detectable activated MAPK (Curran and
Grainger, 2000). Thus, previous animal cap assays have
tested the activity of Xnr2 in the presence of FGF activity,
which is not the case in the vegetal marginal zone. To test
whether FGF activity has a role in modulating Xnr2 activ-
ity, 2-cell-stage embryos were injected in the animal pole
with Xnr2 RNA either alone or with XFD RNA. Animal
caps were dissected at late blastula stage and grown to
midgastrula or tailbud (stage 32) stages. We observed that
inhibition of FGF signaling with XFD resulted in converting
Xnr2 from an inducer of muscle actin, a dorsal mesoderm-
specific gene, to an inducer of globin expression (Fig. 5A).
Injection with 500 pg of Xnr2 RNA, together with XFD
RNA, led to a strong induction of globin expression, while
100 or 20 pg of Xnr2 RNA had little effect (Fig. 5A, lanes 6
and 7). Jones et al. (1995) have reported that a low dose (10
pg) of Xnr2 alone induces a trace of globin expression in
animal caps. We performed similar assays with 5 or 20 pg of
Xnr2 RNA without XFD injection, and compared globin
expression with that induced by 500 pg of Xnr2 plus XFD
RNA. We observed high expression of globin in the case of
injection with 500 pg of Xnr2 plus XFD, and could not
detect globin expression at the low doses of injected Xnr2
RNA (data not shown). The difference between these re-
sults may be due to the different assays used to measure
globin expression. We used the less sensitive Northern
blotting procedure, rather than protection assays as re-
ported previously (Jones et al., 1995). When animal caps
injected with Xnr2 RNA both with and without XFD RNA
were assayed at the equivalent of the gastrula stage, we
obtained results consistent with those above for the tailbud
stage (Fig. 5B). Xnr2 alone strongly induced Xbra and myoD
expression (Fig. 5B, lane 3). Both of these genes are ex-
pressed in the animal, but not the vegetal, marginal zone.
Coinjection of XFD dramatically reduced the level of induc-
tion of both of these transcripts (Fig. 5B, lane 4). However,
Copyright © 2001 by Academic Press. All rightequivalent levels of the pan-mesodermal marker eomes
(Ryan et al., 1996) were induced by Xnr2 both in the
presence and in the absence of XFD (Fig. 5B, lanes 3 and 4),
indicating the difference in inducing activity of Xnr2 with
and without XFD was qualitative in nature, and not quan-
titative.
There are six known nodal-related genes in Xenopus
(Jones et al., 1995; Joseph and Melton, 1997; Smith et al.,
1995; Takahashi et al., 2000). With the exception of Xnr3
(Smith et al., 1995), these growth factors all have similar
dorsal mesoderm-inducing activity in animal caps (Jones et
al., 1995; Joseph and Melton, 1997; Takahashi et al., 2000).
We have focused our attention on Xnr2 because it, unlike
the other five members, is expressed in the vegetal marginal
zone. Nevertheless, Xnr1 has globin-inducing activity in
animal caps similar to that of Xnr2 when coexpressed with
XFD (data not shown). Thus, ventral mesoderm-inducing
activity is not unique to Xnr2 among the nodals, rather we
speculate that Xnr2 plays a role in the induction of ventral
mesoderm due to its unique expression pattern.
It has been extensively documented that BMP signaling is
essential in the pathway of VBI induction (Dale et al., 1992;
Graff et al., 1994; Jones et al., 1992; Maeno et al., 1994,
1996; Zhang and Evans, 1996). We have observed that the
induction of globin in Xnr2- and XFD-expressing animal
caps also requires BMP signaling (Fig. 5C). Animal caps
express a number of BMP genes, and thus we can expect
that the BMP signaling pathway is active in our animal
cap-induction assays. To test for the role of BMPs, a
dominant-negative BMP receptor-encoding RNA was coin-
jected with the Xnr2 and XFD RNAs. We observed that
inhibiting BMP signaling with the dominant-negative re-
ceptor completely blocked the induction of globin (Fig. 5C,
lane 2 compared to lane 3).
Xnr2, Eomesodermin, and FGF
The T-box gene eomes is one of the earliest genes
expressed in the marginal zone in response to mesoderm
induction, and is expressed in both the vegetal and the
animal marginal zones (Ryan et al., 1996). Injection of
eomes RNA induces dorsal-type mesoderm in animal cap
ectoderm, including muscle and notochord. Because eomes
is expressed in the vegetal marginal zone, we wanted to
determine whether it induced different tissues in the pres-
ence and absence of FGF signaling. Eomes RNA was in-
jected both alone and together with XFD RNA into the
animal pole of 1-cell-stage embryos. When animal caps
were examined at stage 11–12, we observed that Xnr2
expression was induced in response to eomes RNA injec-
tion, and that the induction was much stronger in the
presence of coinjected XFD RNA (Fig. 6, lane 3 compared to
lane 2). Injection of eomes RNA alone into animal caps
induced a trace of globin expression at stage 32, while
coinjection of eomes together with XFD induced a greater
level of globin expression, although the induction was
s of reproduction in any form reserved.
sm
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473Animal/Vegetal Mesoderm Patterningweaker than observed with Xnr2 RNA injection (data not
hown).
DISCUSSION
Xbra and Animal/Vegetal Patterning
The goal of the experiments described in the first part of
this study was to determine the fates of cells that had
expressed Xbra in the gastrula marginal zone. For these
experiments, we used an injected Xbra2 promoter construct
driving GPF expression. The stability of GFP provides a
unique tool for following the fates of cells that had ex-
pressed a particular gene. In fact, the stability of GFP has led
FIG. 5. Ventral mesoderm induction by Xnr2. (A) Northern blot o
Xnr2 RNA with and without 400 pg of XFD RNA. Shown are resu
esoderm), and EF1a (loading control). Also shown is RNA from a
in converting Xnr2 from an inducer of muscle actin to an inducer
the animal marginal zone marker genes Xbra and myoD in animal c
Note that the induction of the pan-mesodermal gene eomes was si
mesoderm was induced in both situations. (C) The same experime
BMP receptor is able to block globin induction by the combinatioto the development of destabilized versions to allow dy-
Copyright © 2001 by Academic Press. All rightnamic expression patterns to be studied (Li et al., 1998). The
reporter construct was injected into the “3” and “4” col-
umns of cells of the 16-cell-stage embryo (Fig. 1A). These
cells will give rise to all three germs layers, including trunk
and tail mesoderm, but not the notochord, which comes
primarily from the “1” and “2” columns of cells. By
examining GFP fluorescence in the descendents of the
injected cells at tailbud stage, we conclude that the Xbra2
transgene had been expressed only in presumptive somites.
The only apparent GFP fluorescence outside of the somites
in stage-31 embryos was in the tail, where the transgene
was being actively transcribed. If Xbra had been expressed
more widely in the mesoderm during gastrulation, we
would have expected to have seen fluorescence in the
A from 12 stage-32 animal caps injected with increasing doses of
hybridization for globin (ventral mesoderm), muscle actin (dorsal
ole embryo at stage 32 (WE). Coinjection with XFD RNA resulted
obin. (B) At gastrula stage, Xnr2 RNA alone induces expression of
while coinjection of XFD greatly reduced expression of these genes.
r both with and without XFD, indicating that a similar amount of
design as (A), but showing that coinjection of dominant-negative
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474 Kumano, Ezal, and Smithfluorescence observed in the trunk of tailbud-stage embryos
was the result of the gastrula-stage transcription of the
Xbra2 promoter transgene. The endogenous Xbra and
Xbra2 genes are expressed briefly, and at very low levels, in
ll three germ layers at the midblastula transition, and then
uickly become restricted to the animal marginal zone. The
nly later expression is seen in the notochord during
eurula stages, and in the posterior (Lerchner et al., 2000;
mith et al., 1991). Transcriptional regulation of the Xbra2
romoter fragment used here has been characterized by in
itu hybridization, and has been shown to accurately reflect
he endogenous pattern, with the exception of the noto-
hord (Lerchner et al., 2000). Most importantly, the trans-
ene was not actively transcribed in either trunk dorsal or
entral mesoderm of tailbud embryos or tadpoles.
We chose to follow the fates of cells that give rise to trunk
nd tail mesoderm [the descendents of the “3” and “4”
olumns of cells in the 16-cell embryo (Fig. 1A)], rather than
ells which give rise to anterior mesoderm and notochord
the “1” and “2” column of cells), since the morphology of
he trunk is simpler. Because Xbra expression is excluded
from the complete ring making up the vegetal marginal
zone, we speculate that Xbra is also not expressed in
anterior ventral (or possibly ventrolateral) mesoderm. Our
observation that GFP expression driven by the Xbra pro-
moter was primarily seen in somites raises the question of
the origin of the ventrolateral mesoderm. The domain of
Xnr2 expression fills in the gap between the vegetal limit of
Xbra expression and the blastopore lip, and may encompass
all the ventrolateral mesoderm. However, the expression of
Xnr2 may not extend into the deeper marginal zone cells,
suggesting that there exists an additional population of
ventrolateral cells that express neither Xnr2 nor Xbra. The
expression of the T-box gene eomes in gastrula embryos
indicates that this may be the case. Eomes is expressed
FIG. 6. Modulation of eomes activity by FGF. Northern blot of
NA from 40 gastrula-stage animal caps injected with 2 ng eomes
NA, 400 pg XFD RNA, or both RNAs. Shown are the results of
hybridization for Xnr2, and EF1a (control) transcripts. Coinjection
of eomes and XFD RNAs resulted in expression of Xnr2, while
eomes injection alone resulted in a lower level of Xnr2 expression.
Xnr2 is not expressed in caps injected with XFD alone.much more widely in the marginal zone than Xbra, both
Copyright © 2001 by Academic Press. All rightalong the animal/vegetal and the cortical/medial axes (Ryan
et al., 1996).
The Spemann Organizer, Xbra, and Animal/
Vegetal Patterning
One of the classically defined activities of the Spemann
organizer is “dorsalization” of the marginal zone. This
activity of the Spemann organizer can be demonstrated in
explants of the ventral marginal zone (VMZ) (Smith and
Slack, 1983; Smith et al., 1993; Sasai et al., 1994). In
isolation, VMZs do not make somites, but when combined
with an explanted Spemann organizer, or exposed to se-
creted BMP-inhibitory factors such as noggin or chordin,
VMZs will differentiate into somitic tissue, including skel-
etal muscle. The dorsalizing activity of the Spemann orga-
nizer is traditionally modeled as “specifying” the somites
from marginal zone cells that had first been induced as
ventral-type (Harland and Gerhart, 1997; Jones and Smith,
1999). According to this model, those cells that are out of
range of the activity of the Spemann organizer retain
ventral fates. Our data suggest a different model. We have
previously shown that a rudimentary pattern exists in VMZ
explants in the absence of Spemann organizer signaling,
with the VBIs developing in a distinct domain from the
descendents of the gastrula vegetal marginal zone (Kumano
et al., 1999; Kumano and Smith, 2000). Furthermore, as we
and others have reported, the VMZ normally gives rise to
somites as well as ventrolateral mesoderm (Dale and Slack,
1987; Lane and Smith, 1999; Moody, 1987). The results
presented here suggest that the domain of the marginal
zone that will give rise to somites is marked by Xbra in the
gastrula embryo. Significantly, the animally and vegetally
restricted expression domains of Xbra and Xnr2 persist even
when Spemann organizer induction is inhibited, although
disruption of FGF signaling does alter the animal/vegetal
pattern (Kumano and Smith, 2000). This leads us to specu-
late, as have others (Harvey, 1992) that signaling from the
Spemann organizer may be required to maintain somite
identity, rather than to delineate somite boundaries. Obser-
vations with myoD further support this hypothesis. The
gastrula-stage pattern of myoD expression is superimpos-
able with Xbra, and does not require Spemann organizer
signaling for its early expression, although the subsequent
up-regulation and maintenance do require signaling from
the Spemann organizer (Frank and Harland, 1991).
The primary polarizing activity in the animal/vegetal
axis that is responsible for the restricted expression do-
mains of Xnr2 and Xbra in the gastrula embryo is not
known. Polarized maternal FGF activity, which is concen-
trated in the animal hemisphere is a good candidate (Cor-
nell et al., 1995; Song and Slack, 1994), as well as vegetally
ocalized maternal factors such as VegT (King et al., 1999).
Xnr2 Is a Candidate Ventral Mesoderm Inducer
Our findings here with Xbra allow us to more accuratelydeduce the origins of ventrolateral mesoderm in the gas-
























































475Animal/Vegetal Mesoderm Patterningtrula embryo. We have specifically focused our attention on
the VBIs, which are the ventral-most mesoderm derivatives.
The induction of the VBIs is a multistep process. We and
others have tentatively identified two steps in this process
(Kikkawa et al., 2001; Kumano et al., 1999). The first step
ppears to be an activin-type signal from the vegetal pole
hat specifies multipotential ventrolateral mesoderm in the
egetal marginal zone. The second necessary step in VBI
nduction is signaling from the ectoderm. The ectodermal
ignal has been identified as BMP-4, or a related molecule.
e are proposing here that the activin-type signal is Xnr2.
he combination of low MAPK activity and Xnr2 signaling
n the vegetal marginal zone appears to play a role in both
odulating the inducing activity of Xnr2, and in making
he vegetal cells refractory to the activity of the Spemann
rganizer (Kumano and Smith, 2000). Our results show that
nr2, in the absence of FGF signaling, is a strong inducer of
entral mesoderm, as assayed by the expression of globin.
hile this result is from animal caps, and does not allow us
o definitively conclude that endogenous Xnr2 is acting in a
imilar way in the marginal zone, we have documented that
he expression domain of Xnr2 overlaps with a region of low
GF activity in the vegetal marginal zone. In addition, we
ave shown that expression of eFGF in the vegetal marginal
one eliminates globin expression (Kumano and Smith,
000).
While the activity of Xnr2 is qualitatively similar to that
f the other Xnrs, with the exception of Xnr3 (Hansen et al.,
997), we are proposing a role for Xnr2 in ventrolateral
esoderm induction due to its unique gastrula-stage ex-
ression pattern. Xenopus is known to express six nodal-
elated genes. The Xenopus nodal-related factors Xnr1,
nr2, Xnr4, Xnr5, and Xnr6 all have similar activity in
esoderm-induction assays (Jones et al., 1995; Joseph and
elton, 1997; Takahashi et al., 2000), and Xnr1, Xnr2, and
nr4 are all able to rescue mesoderm development in
egT-depleted embryos (Kofron et al., 1999). All of the
nown Xnrs, with the exception of Xnr3 and Xnr4, are
xpressed in the vegetal hemisphere at the blastula stage.
hese factors are thought to be downstream of VegT and to
ontribute to primary mesoderm induction (Kofron et al.,
999; Agius et al., 2000; Takahashi et al., 2000). A second
phase of expression of the Xnrs commences at late blastula
stage and persists through gastrulation. The gastrula-stage
expression of Xnr2 is unique among the nodals in being
restricted to the vegetal marginal zone. The remaining Xnrs
are all expressed at gastrulation in the vicinity of the
Spemann organizer (Jones et al., 1995; Joseph and Melton,
1997; Smith et al., 1995; Takahashi et al., 2000). It is not
clear whether the vegetal and marginal zone phases of
expression of the Xnrs serve distinct functions, and whether
the Xnrs can diffuse and act at a distance to induce
mesoderm in the marginal zone from the vegetal hemi-
sphere. While some data suggest that Xnr2 does not diffuse
well (Jones et al., 1996), other data appear to show that Xnrs
an diffuse from vegetal explants to animal caps in recom-
ination experiments (Agius et al., 2000). One possibility is
Copyright © 2001 by Academic Press. All righthat the early blastula-stage expression of the Xnrs is
esponsible for general mesoderm induction, while the
astrula-stage expression is responsible for either reinforc-
ng or refining the mesoderm pattern. By this model, the
ombination of the general mesoderm inducers and other
olarized factors in the early blastula embryo result in Xnr2
xpression in the vegetal marginal zone at gastrulation. The
egetal marginal zone appears to be pluripotent, containing
he precursors of the ventral and lateral mesoderm. Specific
issues, such as the VBIs and the pronephros, may be
nduced after morphogenic movements of gastrulation
ring vegetal marginal zone cells into contact with the
ctoderm and anterior somites, respectively (Brennan et al.,
998; Kumano et al., 1999).
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